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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE RESTRIOTED REPORT

AN INVESTIGATION OF'AIRCRAFT -HEATERS. ...
VIII - A SIMPLIFIED METHOD FOR THE CALCULATION OF
THE UNIYT THEEMAL COND ANGE OVZR HTNGS

. By ‘B. G. Mavrtineili, A. G. Bulbsrt,
E. E. Morrin, end L, M. K. Boelter

. SUMMARY

A simvlified approximate method of calculating the
unlt thermal coandwctance alcng an airfoll ~& & functilon
of digtance frow the leadlng edse, by ms2 v’ heat transfer
data for smooth c3linders and smocth flak plates, 1s pre-
sentzd, Hert trcncefe- rat:xs exnerlimantally obitained by
severnl lnvestlri.tors on mudecls of airfcilz of sections
R.A.¥. 26, R.A.T, 30, Clarx ¥, and NAUA M~f are compered
with results predictad by the use of this method, Calcu~
lationes of the heat transfer ratess to be expected from a
typlcal full-acule winsz are also gilven.

IFTROJOUCTION

The deslgn of an effectlve system for the distridbution.
of heat over wing surfaces to prevent the formation of ice
requires a knowlodge of tha unit thermal conductaancas along
such surfaces.

In order to utllicze exlsting heat -transfer data to
calculate these unit conductances, the following ildsal sys-
tem 1s defined: Thoe laeasding edze of the airfoll is rsplaced
by a right circular cylindor with a radius approximatsely
equal to the radius of curvature of tho laading edge and the
upper and the lower surfaces of the alrfoil ars replaced by
smooth flat plates. The mechanlcm of heat tresnsfer along the
leadineg edge of the alrfoll then corrosponds to that exist-
ing over smooth right eirculsr cylindere, and the mechanism
along the remalnder of the airfoll is postulated to de equiv-
alent to that existing over smooth flat plates.



SYMBOLS

area of airfoll equal to chord timeg span, ft2

unit heat capacity of the fluld at constant pres-
sure, Btu/lb °F%

1ift coefficient defined in Fy = %OLp.‘Lu\,,a(dimensionlesa)

diametur of cyliader, ft

average unlt thermel convectivs corductance, for
length 1L, Ybetwesn alrfoil surface and air,
Btu/hr ft2 OF

unit thermal convectlwe conductance between elrfoil
surface and air at any point x, Btu/hr f£t2 OF

unit thermegl cozvective conductance boatween alrfoll
surrsce and alr et any angle @, Btu/hr Ft2 OF

urnit thermal convzctive conductance voetween ailrfoil
surface and air at stagnation point (P=0°),
Btu/hr f£t2 OF

11ft force definad dy ¥y = ICppiug®, 1b

gravitationel forcoe per unit mass, 1b/(lb sec2/ft)

thermal conductivity of fluld, Btu/hr £t° (°p/ft)

length of flat plats equivrlent to length slong eir-
foll suvrfacy measursd from polnt of stugnation, £t

sxponent of L ir aquations (5) and (7) (dimension-
loss)

rate of heat transfer, 3tu/hr
width of span, £t
temperature of sirfoil surface, °F

arithmetic avarage absoluta temperaturse of flaid
end nirfoil surfaece, °k -
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‘free-stream veolocity of fluld, f£t/sac .,

velocity of fluid defined by equation (12) or from
prassure distridbution, £t/sec

'1angth along airfoil profile measured from. the

point of stagnation, ft

length along airfoll profile measured from point of
stagnation to polnt of ths beglnning of trensition
of boundary layer, f¢t

length along upper surface of alrfoll measured from
point of stagnation, ft

length along lower surface of airfoll measured from
point of stagnatlon, ft

angle of attack of ailrfoil, degrees
welght density of fluid at temperature T, 1lb/f£t°

absolute viscosity of fluid at temperature T,
1b sec/ft2

mass density of fluid at temperature T, 10 sec3/ft*

unlform temperature of fluld far from airfoil surface,
o
¥

‘angle betwesn radius through point on cyliander and

radius through point of stagnation measured at
axls of ¢cylinder, degrees .

Musselt number (f.d/k)
Prandtl,numhe:_(SGQOpGPg/k)
Reynolds-number (umgv/u g) . (applicable to cylladers)

Reynolds number at’ distanca x from stagnation point
(“m V x/u &) '

Beynolds number at point of baginning of transition
of boundary layar {ue ¥ Itrana/“ g)



DISCUSSION OF METHOD
Leading Edge
The magnitude of the unilt thermal conductancs at $he

stagnation point of a cylinder can be axpressed (reforance
1, vol II, p. 632) ss

Fu = 1,14 Pro.‘ Ra°o5° (1)
where
Fu = E
Cp &
Pr = 3600 o -
k
Uyp 4 Y
Re = ———
b8

The variation of the unit conductance along the forward
half of a smooth cylinder nay be obtained from tha data of
Schmidt and Wenner (reference 2). On the basis of thesse :
deta the unit conductance at any aangle @, mosasured from
a radius through the polnt of stagnation.- that 1z, at

= 0°—~can be expresscd approximately as r Tunction of the
unit conductance at the point of stagnation for 00<e<=30°,
Inopection of these data (rofarence 2) reveals thut as a
fair approximation

fop = Togmoo (* -] “) (2)

This exprassion nay be utllized to calculats the uanilt
conductance along ths cyrlinder, which reprossnts the leseading
odge of the alrfoll iz the idwal system under conslderation,

Combining oquations (i) and (2) gives
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Thus
y 21.2 ( 0.1 _0ud kO a) (u, Y>°'°° (1 |£L|3)
= o e [ [ ] o————— -
e o P a 90 l

Stace. the term p~0e¢1 ¢ Ov4 k0.8 for air can be expresesoed
approximately as a power function of .the absolute tempera-
ture T, the equabtion for £, becomes, for 0° < g < 90°,

fc = 0,194 p0-*® (uzjv)o.so (1 i ‘g%lq> @
P {
vhore
d diameter of cylimder
U froe~-stream velocity
Y welght density =t tempsrature M
and
m erithnetlc avorage of temperatures of freec stroam

and of alrfoll asurfaces

Airfell Surfacus
The aversge unit conductance,with length, along a
flat plate of langth L 1s calculcted from ths eguatiorns
of Caolburan (referonce 3, which are used in reforsnce 4).

For the laminar ragime,

f
c nm L Y =0.50
al/s ; _
3600 ug ¥ Op Pr = 0.66 e/ . (5)



or
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)0.50
L

— Wi Th
e = 5.67 (ko.sev " 0el87 cpo.sss) (

Agaln the properties of air mry be uxprussed approximately
in terms of the abgsolute tempuernture T. Then,

Uy Y\0.50
- .50 .
£, = 0,112 ¥ ( - ) . (8)

For the turdbulent regime,

-

lc¢ 2 /3 L Y\—0.30
- 0.0z (LYY
w600 uy ¥ Cp Fr a7 (7)

Thz coefrficisnt 0.006 found in refarcnces 3 and 4, which

1s tho constont thet relzotes the Arag cocfficient ard Reyrolds
nunber, has beon crarzed o agres with that of Goldstain,
0..074/2 (fig, 110, vol, II, pp.366 and 367 of rafarence 1).

#s
; - Up Y \0.,€0
f = 0.105 (%087 Ce4E? +o.333 ( T \O.
¢ (L u ) J.aa/
then
f = 0.655 m0.a96 <35—1L>°'5° : (8)
¢ L0.a5

Pho vunit cordustancs -t Aany foint x olons the flat
plate is relatsd to the avirage unilt conductence over the
total lzagth L Dby the uwqguatilon

fo - £fo (n+l) (3) .

b4
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where £, 18 the average comnductance for the length x
from equation (8), and n 1is the e@xmonent of L in aqua-
tlions (5) and (7) (reference 4)., The unit conductance
along the flat plate, which in the ideal system is equiv-
alent to the mortion of the vrofile beyond the 'leading edge,

" may be expressed by

. n 050 L
f, = 0.0562 m°.80 (_Z._. 10
Cx 5 x .o .( )
for the laminar regime, and ﬁy
a 0.B0
= 0.524 0298 om Y
fcx 0 5— T . 0«85 (11)

for the turbulent reglme

vhere x 1s the distance alens th3 flat plate measured
from the point of stagnation of the airfnil. The unilt

thermal conductance £, &8s a functlon of up Y/x and

of up ¥/x® 2% for use in equations (10) ana (11), re-
spectively, is shown in figure 1.

Because of the clrculation around the actual ajirfoil,
the velocity of the fluld is greater along tke upvper esur-
face and smaller along the lovwer surface than the free-
strsam veloclty wu,. In reference 5 1t 1s demonstrated
that, as A first approximation, the velocity to be used
in squations (10) and (11) for the lowar and upper sur-
faces of the airfoll is

Cy
um'= Uen 1 & -2 (12)
: o

in which Cj 1s the 1ift coefficisnt of the airfoll de-
fined by Fy = i CLpAuma and o 1s the angle of attack.

The positive sign 1in equation (12) 1s used in the compu-
tation of the velocity along the uvper surface and the
negative sign 1s used for the velocity along the lover’




surface, The veloclty distribution derived from pressure
. measurements along the ailrfoil may also be used for the
evaluation of in equations {10) and (1l1), This pro-
.cednre vyields snghtly higher values of fcx near the

leading edge on- the upper surface bdbut the everage unit
conductance, with length, does not differ greatly rfrom
that obtnined from equation (12). The value of fcx on

the lower surface, where the flow 1s usually leminar over
a large part of the alrfoll, 18 a0t so greatly iafluenced
by the magaltude of wuy, which enters into equation (10)
as the 0,50 powar, '

Transition tetwaen paminar and Turbulent Boundary Laysr

In order to celculete ths unit conductance of an
actual ailrfoil at a givau angle of atimck a, an equiva-
lsnt eylindar 1s subetituted Tor the leadlng odge and the
local unit conduztanca is computed up to an angle of £90°
by use of eguctlion (4) and the froe-stream valoclty g
The variation of tkg position of the atagnation point with
the angle of attack i1s neglacted in t4ilz calculation be-
cause iis change of posgition 1s small compzred to the chord
‘"of the airfoll,

The unlt conductance for the portion of the alrfoil
followlng the equivalent cylindoer 1s caleulatsd from the
flet-plate eguations (10) and (11), by using the distance
along the proflle mcasured from tha point of stagnatlon
x cond the correctnrd valocity wup. Ths value of the abso-
luto tempcrature T in equaticons (4), (10), =2nd (11) is
defined as the arithmetic meen of tlhie fluld and the air-
foill temperatures.

An cxaminrtion of squetion (10) indicates that, for
the rogion of laminar flow, tha magrnitunde of f sctually
is indopondoent of the arithmetlc moen abdsoluty %Emperatura
T. This result i1s due to the fact thai the proportics of
alr k9.887 ,,—0.187 5 0333 pars proportional to the 0.350
power of T whills tha waight density ¥, whick 1s inversely
proportlonal to the nbsolute tompsrature T, snters with the
0.5C powar in equatica (6). Mhe magnituio of f“v in eque-
tion (4) 1s practically indeperdent of T, since®*tho vrop-
erties of alr - thnt 1is, Xk, u, and C_ ~ are o function of
the 0.49 power of T, IFor the regionpof turdulent flow
(equation (11)), a similar procedury revoals theat ths local
unit convective conductance 1s proportional to tkhe-C,B0
powver of T.



An approximate picture of the flow conditions in the
boundery layer along & flat plate 1s shown in figure 3 of
refsrance 6.

Ths point of transition of the boundary layer from
laninar flov t0o turdulence is indeterminate., The position
of this point 1s & functlion of the free~stream velocity and
the corresponding turbulence, the angle of attack, the shape
of the airfoll, the surface roughnass, and other variables,
The paint of transitiou along the upper surface may be esti-

- Ym Xtrane Y
mated roughly, however, by setting -Betrans= g

(refergqnce 1, vol I, p. 326) equal to a value between
5 x 10° and 5 x 10° These magnitudes of Rey,.n,, refer

to the point at which turdbulence begins. The rate at which
turbulont flow becomss fully devslopad may be estimated
from the behavior of the axperiiental values of fgo.. The
positlior of the point of traneition nlong ths lower surface
s also unknown, althcugh some svidence 1adlcntee that the
boundary layer along tho lower surfrce of models 1s laminar
for A conglderadble part of the chord rt angles of attack
greater then O°,

Rata of Heat Transfer from Airfoll

Flgure 2 1llustratos ths distridution of the point
unit thermal conductance f,, obdtained by the rethod pre-
visusly outlined, Theo lowsar surface would have a distri-
bution similar to that shown aloagz tho upper surfrca bdut

wvonld yleld somewhsat lowor megnitudas of fo becausa of

lower values of uy, and %he traasitlion point would occur
at a groater distance from the loading edge.

The mrzirum average urnilt conductancs over the whole
airfoll occurs when the point of tranaition 13 close to
the nose. As o conservatlves estlmate, tho heatling systenm
should be desligned for this position of the transition
point, slnce any disturbance, such as initial ice formation,
wonld tend to move the tramsitlion point forwerd.

. The rate of he=t transfar from ths wiolo airfoil may
be calculeted by tke equation

x
Xy L

Q =f foy (tg=Te)x Db dx +f fox (tg=Tw)y b dx (13)
0. o /
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where
b - " span
Xy heated length, measured along profile on upper'
' surface
Xy, . heatad length, measured along proflle on lowar
surfacs

<ta—Tm)x diffarsnce in terperature between eirfoil sur-
fanoce and ambient fluld at point x moasgurad
from lzadlng edga-

DISCUSSION- OF EXPERIMENTAL DATA
R.A.F. 26 Model

Observations of the tharmal characteristics of an
R.A.P. 26 airfoll (referance 7) are given in figuroc 3,
which also shows the pradicted values »>f fo a8 & func-

tion of the distaonecs x along the proflle, The tests
were performed on & €-lach airfoill model, which was heated
electrically by means c¢f platinum resistence strips placed
spanwige on botlL upper and lower surfaces.

The predicted unlt corductencss fer the nose wsro set
equal, as proposed hareiu,; ts the unlt conductnnces 2long
a cylinder having a redius equivalert tov the radlus of
curvature c¢f the lzading #dgz. The varictlon of the unit
conductance with diegtence along the upper ~nd lower surfaces
wes then cbtained from equations (10) and (1l1) by using the
corrcected velocitlss up.

The expsrimentel result for thsa unit conductance at
the ncse 1s alwsays lowsr than the predicted value at the
point of stagnatlion because the maasured valuo 1s an average
over & heated strip which includes more surface than the
point of stagnation. Tha positlon o9f this point is a func-
tion of the englc of attzck, dut the predictad values are
based on & po2int of stagreatlon fixsd mrt the leadins edge,

On the lower surface of tne airfoll at a = -0,9°
(fig. 3), tos axperimental results can bs predictad for
a given position of the traneitioan point. Tha exparimental
date indicato that this polat mcoves toward the lealing edge



11

ag the free-stream veloclty is increaged. At o = 3.2°
(fig. 4), the flow is apparently laminar along most of
the length of the surface and the unlt conductance can
“be closely predicted._ The agreement of predlcted and
experimental results becomes better as the veloclty 1u,
is decreased and as- the angle of attack n 18 1lncreased,
because the laminar layer is more stahle At small magni-
tudes of wup. Owing to the circulation around the air-
foll, the local veloelty 1up, calculated from eaguation
(12), is less than the free-stream velocity wu, and de-

ocreases a8 ¢ increases, The predicted results for the
lower gurface are inappreclably affected by the use of
the tabulated values of the fluid velocity Just outside
the boundary laysr.

Along the uoper surface also the unit conductance can
be predicted if the trensition point is known., As mighkt De
expnacted, the experimentel resvlits for a = —0.9° show that
the transition point occurs far back along the trailing eadge
of the 6-inch model and that it moves forward as 1, increases.

For a = 3.2° and o = 7° (figs. L and 5), the calculations
for the ideal system do not predict ther very high values of
the unit conductances thLat' apparently occur in the region

of transition from laminar to turbulent flnw, This deviation
between the mtredicted and the exmerimental results could he
made smaller i1f the distance along the equivalent flat nlate
x wera measured, not from the pnoint of atagnation, but from
some point farther dback along the plate, Ths deviation may
be agscribed to the great curvature of the sirfoll in the re-
gion of the leading edge, which may invalidate substitution
of 8 flat plate for the ailrfoll in that region, Ard the use
of Upe The change in x vould not anpreclably affsct the

predicted results along the rear half of ths chord dbut would
have a great effect upon the slone within the first 20 mer-

cent of the chord, since £y, VATlias as x"%*2, The slopas

of the theoretical curvea of fcx sagaingst x aprroach small

and almost constant magnitudes vith increasing values of x.
The experimental values along the unner surface ravidly dimin-
ish at the tralling edge; the experimental values along the
lowver surface rapldly rise and, at the end of the model mir-
foll, approach the same valuz as those along the uvver surfece,
The previously mentioned deviationg between the predlieted and
the experimental results near tkhe r-glon of tranecition can
also be made smaller (fig. 4(c)) if the tnbulated veloecity
distribution 1s used in aequatione (10) and (11) instead of

the value of uy derived from eauation (12). This method,
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hovever, does not predict the very high value of the unit
conductance which occurs at the point wkere the boundary
layer is apperently fully turbulent. The corresvondlng
resvlt near the treiling edge is the same as that vhen
the value of wu, from equation (12) is used.

R.A.F. 30 Model

The experimental results on a 24-inch model of Aan
R.A.F, 30 alrfoil at o = 5.3° are compared witk nredicted
values in figure 6. The hented surface, located at the
nogse, comprised arproximately 25 percsnt of the ckord for
the upner surface and 14 percent of the chord for the lower
surface. The total heat loses of the entire heated surface
was determined in the expsrimental work (reference 8) for
several angles of attack at veloclities ranging from 40 feet
per second to 130 feat per second.

The predicted variation of the unit conductance was
determined accordlng to the methods prorosed herein, after
arbitrarily locatirg the point of transition at vhich tur-
bulence begins. For the upmer surfaca tkis molint wes taken
at different veloclties for Retrans from 20,000 to %00,9000,
which corresponded 1n each cangse to transzition at a point
close to the nose. Yor tke lover surface these moints of
transition were taken at Rey,.,,. from 30,270 to k00,020,

These predicted valuea of the unit conductances wvore avaraged
wvith respect to distance alang the airfoll over the entire
length of the Lhfated szction (toth upver and lower surfaces)
fnr each velocity. The avarrged predicted values are ahout
20 vpercent lower At all velociti=s vhen v, was determined

from squation (12) and about 10 percent lover wvhen the ve-
loclity distribution dorived from rressure maasurrments along
the airfolil was used for the valueg ~»f 1 tran the correa-

m
sponding experimertal results.

"Clark T Model

. The data for a Clark Y elrfoil vere taken on a 10-inch
model (reference 9), vhich wrs heated In four separat-: sac-
tions along the chord, 1including ths leading and the trail-
lug 2dpges. The predicted velues vere determined for one
velocity and fnr two different angles of attack. Data and
predicted valusg are commared in figure 7, The predicted
unit conductance over the uprer and lowver surfacass included
points of transitlon for which thrs values of the Reynolds
number were 2.3 X 104 at o = 6° and 2.2 x 10* At a = 0°
for the upmer surface and 1.5 X 105 at ~ = 6° and 1.3 x 10°
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at o = 0° for the lower surface. The predicted values
egain oppeared to be, at the most, about 20 pasrcent lower
than the experimentnl results averaged with respect to
length for sach section, The valuse of wuy wera celcu-
" 1ated from oguation (12).

HACA M-6 Model

Experimental data taken on a 10~lnch model of an
NACA M-6 alrfoil (reference 10) are preusented in figure
-8 for. a = 4° and for free-stream velocltles ranging from
98 feet per second to 203 feet per second. The model was
heated at the noss and at three contlguous sectiona on the
upper surfaco and on the lower surface. The heat transfer
from eaach heated sectlon was daterminad and 1lg shown 1in
figure 8 as constant valuss over each soctlion. The expar—
imentally datermined conductances are suwverposed upon the
predlcted distributlon of conductanco along the airfoil,
If ths flow ovar the entlire model were oconsidored to dbe
laminer along most of the lower surfaca, tho sxpcrimental
Tesults could vo predictod closoly. The measured valuas
of the conductance along the uppor surface clearly indicate
the 1lncranss 1n the value of £, when the boundary laysr
bscomes turbulont. Taluass for tfe unit conductance for tho
case vhon the nose section waus not honted are elso shown
in flgurses 8(b) ~nd 8(4). Th: fact that the haat transfar
from the othar soctlions is hlgsher when the noso 1s not hzated
may be svZplalned by a dolayed trensition of tho boundary
loyor from laminar to turbulent flow dus to the removal of
the 1nital disturbance; thnt 1s, the hestod noso scection,.

It should be kept cle~nrly 1in mird that, for a model,
tho distribution of the conductance depends a great deal
on the poslitlon of the transition point;: dbut, in tho cese
of & full-sige alrfoll, tkhe transition rogion is a small
part of the tot=zl arsa usually hoated and for thls ‘rsason
its posltion need not be accurately known,

HUMERICAL EXAMFPLE

As a furthor i1llustratlion of the application of the
proposed mothod for computation of $ha distribution of the
unit conductance along a full-size sirfoll, an oxamplo 1isa
prosentad.
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The dletribution of the unit conductance aAlong an
actual airfoil with A 6~foot chord =nd a profile which
approximates that of the NACA 23012 1s shown in figurs 9
for @ = 00 and for a free-stream velocity equal to 44O
feet per second (300 mph). The transition point for the
beginnirg of turbulence for these conductances was taken
at A valus of Reiraps ©f Pprroximately O, vhich is at

the stagnation volnt, and at 500,000.

If the airfoll were heated for A distance of 2 feat
nlong both the upper and the lower surfaces, the predicted
averare unit conductance for thls section, when values of
un calculated fror equatior (12) are used, would be ornly
10 percent lover at a free-stream veloclty of 300 miles
par hour and 23 percent lower at a free-stream va1ocity of
150 miles per hour (see fig. 9), when Reyn.apng 18 taken
to be 500,000 than the unit conductance when Re is

‘trans
at the leadling edge -~ that is, when Reinopng =0.

Trese calculatlons demonstrate the fact that for a
full-glze airfoil the exact poasition nf the trangition
point becormes losr lmnortant ot Lkigher veloclties nand for
largser heating sections, slnce a grest wvariation in the
position orf thls point was arbltrarily chosen - that ise,
Reiransg &t 0 and at 500,000,

The distribution of the unit conductance when the
value of u, 1s taken from pressure measur~nents mlons the
nirfoil is also shown 1r figure C. The average value of
foy, with lengtk along the airfoil, is about 7 prrcent
bigher than that 1f wu_. 18 evalunted from equation (12).

Fipure 10 reveals the predicted vrlues of the haat

loss from =~n NACA 23012 alrfoll for a difference of 700 F
between the tempermtures of the fluid and of tha gurface

at velocltles ranging from 150 to 300 miles per Lour. The
magnitude of the ‘Wwelgzht density Y vas evaluated at Atmos-
pheric pressure and at 0¢ F, whick is the arithmetic average
of the temperatures of the free streamw.and of the alirfoll
surface. The values of wu, ¥=are calculated from equation

(12).

For the case of an actual tapered wing, the value q/d
skould be computed for emrch foot of span because of the
variation in nrofile and clord length. The total rate of
heat transfer vould then be the sum of these q/b contri-

butions.
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CONCLUSIONS

l, The varilation of the unit thermal conductance
along a wing can be estimated falrly accurately by an
approximate method from known heat-~transfer data on
gmooth cylinders and flat plates.

2. An exact computatlion of the dletridution of the
unit conductance along a wing requires the determination
of the positlion of the transition of the boundary layer
from laminar to turbuleant flow, Such knowledge 1s nec-
essary for the proper design of the heat--.distridution
system in the leading edge.

3., A preclse agresemant between the predicted results
and experimental data taken on small airfoll models is not
to be expected because the transition point may obccur over
a large parcentage of the chord in the case of models,
depending on thc conditions of flow; but this chango in
position comprises a2 small part of the chord ian the case
of full-gize wings.

4, Tho method propossd herein is satisfactory, how~-
ever, for a conservative estimate of the thermal capacity
of a de-~lcing system. The accuracy of the mathod 13 greater
for high velocities and for heating sectlone that extond
ovor & larger part of the profile, The velocity along the
alrfoll can be obtained from static-pressurc meansurcments
or, 1f thase data are not avallable, can be estimated from
an squation given herein.

Unlversity of Galifornin,
Berkeley, Callf,
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